Abstract--A structure refinement of kaolinite made using the Rietveld neutron profile refinement technique has given non-hydrogen atom positions which were not significantly different from those given by B. B. Zvyagin in i960. All of the hydrogen atoms have been located; the three inner-surface hydrogen atoms are involved in interlayer hydrogen bonds with lengths of 2.95(4), 2.95(4), and 3.06(4) ]k with O-H ... O angles of 168(4) ~ 144(4) ~ and 146(4) ~ respectively. The inner hydrogen atom is located in a position consistent with that found earlier in dickite and muscovite which are the only dioctahedral layer silicates studied by neutron diffraction to date. The O-H vector makes an angle of 34 ~ with the (001) plane, away from the octahedral sheet, and the projection of the vector on to (001) is at ~30 ~ to the b axis.
INTRODUCTION
The general structure of kaolinite is well known and has been derived in some detail over many years (see e.g., Robinson, 1945, 1946; Brindley and Nakahira, 1958; Drits and Kashaev, 1960; Zvyagin, 1960; Mansfield and Bailey, 1972) . The positions of the hydrogen atoms in all of the kaolin minerals, however, are controversial. Some authors have suggested that all of the inner surface hydroxyl groups take part in hydrogen bonds to the neighboring clay layers (e.g., Newnham and Brindley, 1956; Newnham, 1961; Farmer, 1964; Farmer and Russell, 1964; Wieckowski and Wiewiora, 1976) , whereas others have stated that only some of the OH groups are involved in hydrogen bonding (e.g., Serratosa et al., 1962 Serratosa et al., , 1963 Wolff, 1963; Ledoux and White, 1964; Wada, 1967; Giese and Datta, 1973) .
For diekite, recent neutron diffraction studies (Adams and Hewat, 1981) have located the hydrogen atoms and shown that all of the inner surface hydroxyl groups are involved in interlayer hydrogen bonds. The orientation of the inner hydroxyl group has also been derived: the projection of this O-H onto (001) makes an angle of ~ 30 ~ with b, and the group makes an angle of 20 ~ with (001) and points away from the octahedral sheet, as has also been found for dioctahedral micas (Rothbauer, 1971) . Giese and Datta (1973) and proposed hydrogen atom positions in kaolinite based on electrostatic energy calculations which are themselves dependent upon the non-hydrogen atomic positions of Zvyagin (1960) . The position derived for the inner hydrogen atom, however, gave an inner hydroxyl group that pointed towards the empty octahedral site, opposite to the orientation found by neutron diffraction for dioctahedral micas (Rothbauer, 1971 ), Copyright 9 1983, The Clay Minerals Society dickite (Adams and Hewat, 1981) , and kaolin in the kaolin : formamide intercalate (Adams et al., 1976) .
To determine the hydrogen atom positions in kaolinite directly, a neutron diffraction study was undertaken. A full three-dimensional structure refinement was performed using the Rietveld profile refinement technique (Rietveld, 1969; Hewat, 1980) which has already been used successfully to locate the hydrogen atoms in dickite (Adams and Hewat, 1981) and other layered materials, e.g., HTiNbO5 (Rebbah et al., 1982) .
EXPERIMENTAL
A kaolinite sample from Greensplat pit, St. Austell, was packed into a 16-ram vanadium sample-tube 5 cm long. Neutron powder diffraction data were collected for 22 hr using a D1A high resolution diffractometer (Hewat and Bailey, 1976 ) with a wavelength of 1.909 A at 300~ The diffraction pattern showed the presence of a small amount of a-quartz; the 20 regions where diffraction maxima from a-quartz occurred were deleted from the data. The scan was from 6 ~ to 145~ in steps of 0.05~ i.e., 2779 points were monitored.
The data were treated using the powder-profile preparation and profile refinement programs of Hewat (1973) , and Fourier and geometric calculations were carried out using the X-ray System of programs (Stewart et al., 1972) with coherent scattering lengths taken from the International Tables for X-ray Crystallography, Vol. IV, 1973, Kynoch Press, Birmingham (270-272) . The space group used for all calculations was C1. Because of the relatively low quality of the data, due to the high percentage of hydrogen atoms in kaolinite with their attendant high diffraction background levels and also due to some asymmetry of the non-basal re-Hydrogen positions in kaolinite Estimated standard deviations at the last digit are given in parentheses.
flexions, it was not considered fruitful to extend the refinement to use the lower symmetry space group P1.
RESULTS AND DISCUSSION

Structure refinement
The basic model used for the kaolinite structure was that of Zvyagin (1960) which contained no information about the positions of the hydrogen atoms. Initially the data were restricted to a maximum 20 of 120 ~ and the only parameters allowed to refine were the scale factor, an overall temperature factor, the cell parameters, and the counterbank zero point (Z). Several cycles of profile refinement gave Rpw' = 35%. A difference (F(obs) -F(calc)) Fourier map clearly showed the two hydrogen atoms bonded to O(1) and 0(2); these were in positions which agreed with the predictions of Giese and Datta (1973) . Inclusion of these atoms reduced Rpw to 28%. A further difference synthesis then showed two further regions of negative neutron scattering density at ~ 1 ]k from 0(3) and 0(6), but these were not at the appropriate positions predicted by Giese and Datta (1973) . When these two additional hydrogen atoms were added to the model, Rpw decreased to 23%. At this point the full 145 ~ data set was employed: the positional parameters of all atoms were allowed to vary as were a peak asymmetry factor, the three parameters describing the width of the diffraction peaks (U, V, and W), a preferred orientation parameter (Hewat, 1973) and four isotropic temperature factors for the A1, Si, O, and H atoms. When refinement was complete Rnw was 20%, equivalent to a conventional crystallographic R of 11%.
t Rp~ (the weighted profile reliability index)= 100 X/~-w(y(obs) -1/c(calc))2/X/Z w(y(obs)) 2, where w is the weight of each data point and y(obs) and y(calc) are the observed and calculated profile intensities for that point; c is the scale factor.
As in the dickite refinement (Adams and Hewat, 1981) , the non-hydrogen atoms were found not to have moved significantly (3 cr combined) from the starting positions (Zvyagin, 1960) . The esd's for the positions of the Si and A1 atoms were relatively high (0.02/k in x, y, and z) because of the relatively low scattering lengths of these atoms for neutrons. The unit-cell parameters were found to be: a = 5.136(2), b = 8.946(4), c = 7.392(4)~k, c~ = 91.7(2),13 = 104.5(2), 3' = 89.8(2) ~ As in the neutron profile refinement ofdickite (Adams and Hewat, 1981) , some asymmetry of non-basal reflections was observed and was one of the reasons for the relatively high e.s.d.'s observed.
Hydrogen atom positions
The positions of the three inner-surface hydrogen atoms derived here (Table 1) show that all three H atoms are involved in interlayer hydrogen bonds (Table 2). All of the O-H and H ... O distances appear reasonable, and although some of the O-H... O angles deviate from linearity, they are within the range regularly found for inorganic structures (Hamilton and Ibers, 1968) . Indeed, it has been pointed out by several authors (Hamilton, 1962; Cbidambaram, 1962; Fuller, 1959 ) that linearity in hydrogen bond formation appears to be the exception rather than the rule. The geometry of the hydrogen bonds, however, shows that they are rather weak, with the O(3)-H(3)... 0(7) bond being the weakest. These observations agree with those made by Wieckowski and Wiewiora (1976) on the basis of infrared spectroscopic data.
Information on the position of the inner hydrogen atom is given in Figures 1 and 2 and Table 3 . The position is consistent with that found in dickite (Adams and Hewat, 1981) and muscovite (Rothbauer, 1971) , which are the only dioctahedral layer silicates studied by neutron diffraction to date. In all of these minerals Table 2 . Hydrogen bonding geometry. 1 (Figure 1) . The H atom is close to three oxygen atoms of silicate tetrahedra; in all three structures the atom is closest to the basal oxygen and a little further from two apical oxygens (Figure 2 ). The sum of van der Waals radii for H and O is ~2.60 A. In the muscovite structure all three H... O distances are of this value or greater, and it would appear that no hydrogen bonds are formed. With the two 1:1 layer silicates the H... Oba,,~ distances are <2.6/~, and the possibility exists of very weak hydrogen bond formation.
In kaolinite and dickite, Giese and Datta (1973) calculated, using an electrostatic model, that the inner hydroxyl group should have the orientation found here apical oxygen apical q.xygen Figure 2 . Close approaches of the inner hydroxyl to oxygen atoms. Distances are given in Table 3 . The projection is on to a plane perpendicular to the basal plane and passing through 0(4) i and O(5)~L N.B. 0(4) is at -V2 + x, -V2 + y, z relative to 0(4); 0(5)" is at -l + x, y, z relative to 0(5).
relative to the b axis, but they suggested that in both minerals the O-H vector pointed into the octahedral sheet rather than away from it. It is not readily apparent why this orientation should exist. Giese (1979) said that for micas the electrostatic repulsion will favor "an O-H orientation which maximizes the M(octahedral)-H distances.., the maximum distances will result in an O-H directed away from the octahedral sheet towards the large ditrigonal vacity of the tetrahedral sheet. Opposing this orientation is the repulsion from the interlayer and tetrahedral cations which are further away but which are more numerous and commonly have larger charges. Thus the OH orientation represents a balance between the repulsions from these two sets of sites." At face value these arguments suggest that in the kaolin minerals the hydroxyl group should make a larger angle with (001)--away from the octahedral sheet--than in micas, because the forces tending to push the hydrogen atom towards the octahedral sheet are less than in micas because of the lack of interlayer cations, i.e., the repulsion from the tetrahedral sheet Table 3 . Geometry around the inner hydroxyl atom in kaolinite and related dioctahedral layer silicates. ~ Dickite Muscovite Kaolinite (Adams and Hewat, 1981 ) (Rothbauer, 1971 ) O-H (A) 0.87 (4) 1.10 (6) 0.929 (4) See also Figure 1 .
in kaolin is less than that from the tetrahedral sheet and interlayer cations in micas. It may be that the differences in hydroxyl orientation given by electrostatic calculations for kaolin minerals and micas are a result of different stacking modes and of differences in the 1 : 1 and 2:1 layers themselves. However, the angles observed between the O-H vector and (001) in the neutron diffraction studies undertaken to date (Table  3) are compatible with the simple view given above: 12 ~ in muscovite, 20 ~ in dickite, 34 ~ in kaolinite, and ~25 ~ in the kaolinite: formamide intercalate (Adams et al., 1976) . The fact that the hydrogen atom is offset at all from the center of the ditrigonal vacity is a result of the dioctahedral character if the kaolin layer with consequent asymmetric repulsion of two AP + cations with no counterbalancing cations in the third octahedral site. It should be noted that all refinements in this study were made using space group C1, i.e., the two parts of the unit cell related by the C-face centering were treated as equivalent. If the true space group were P1, these two parts of the structure would be independent with unrelated hydrogen atom positions, and there should have been evidence of half occupancy of pairs of hydrogen atom sites on the difference Fourier map. No such evidence was found.
CONCLUSIONS
The recent application of Rietveld profile refinement methods to kaolinite and dickite (Adams and Hewat, 1981) has shown that in both cases all of the inner surface hydrogen atoms are involved in interlayer hydrogen bonding. In addition, it is apparent that the inner hydrogen atoms point away from the octahedral sheet in both minerals. That these results are reasonably reliable is confirmed by a recent accurate single crystal X-ray study of dickite (Rozdestvenskaya et al., 1982) 
